INTRODUCTION
============

Osteoclasts, the unique bone-degrading cells, are pivotal to bone remodeling and calcium homeostasis ([@ref2]; [@ref34]; [@ref37]). These polykaryons are formed by the differentiation and fusion of hematopoietic progenitors of the monocyte-macrophage cell lineage. Two cytokines, receptor activator of nuclear factor-κB ligand (RANKL) and macrophage colony-stimulating factor (M-CSF), are essential for osteoclast formation ([@ref21]; [@ref22]; [@ref41]; [@ref42]). While RANKL primarily triggers osteoclastogenesis, M-CSF promotes precursor cell proliferation and osteoclast survival. Differentiated osteoclasts dramatically reorganize their actin cytoskeleton for bone resorption in response to M-CSF and RANKL. Upon attachment to bone, osteoclasts form a characteristic actin ring or sealing zone, a region that tightly associates the osteoclast and bone matrix surface and separates the resorption area from the extracellular space. The ability of mature osteoclasts to degrade bone matrix is dependent on the formation of the actin ring.

Rho family GTPases play a critical role in regulating various cellular functions, such as actin organization, migration, adhesion, spreading, and microtubule polarization ([@ref3]; [@ref13]; [@ref38]). Post-translational modification by guanine nucleotide-exchange factors (GEFs) and GTPase-activating proteins (GAPs) toggles Rho family GTPases between inactive (GDP-bound) and active (GTP-bound) states. Osteoclast cytoskeletal organization depends upon the activity of several Rho GTPases, particularly Rac and Cdc42. The importance of Rho GTPases in osteoclast function has been well-demonstrated using in vivo genetic approaches. In osteoclasts or their precursors, deleting Rac, Cdc42, or GEFs results in severe osteopetrosis due to defects in cytoskeletal organization and bone resorption ([@ref4]; [@ref6]; [@ref11]; [@ref12]; [@ref39]).

There is increasing evidence that lipids, including fatty acids and their derivatives, play a key role as signaling molecules in diverse tissues. In skeletal tissue, a targeted lipidomic strategy revealed the occurrence of fatty acid amides (FAA) in bone ([@ref32]). Among these FAAs, oleoylethanolamide (OEA) has been proposed as an endogenous ligand of G protein-coupled receptor 119 (GPR119) ([@ref27]). GPR119 is abundant in pancreatic beta cells and represents a novel target for treating type 2 diabetes. Furthermore, the administration of synthetic GPR119 agonists reportedly increases bone mineral content and density in a diabetic mouse model ([@ref25]). Moreover, we recently detected GPR119 in osteoclast lineage cells ([@ref18]).

OEA is known to decrease body weight and suppress food intake, suggesting the possibility of its involvement in satiety control ([@ref7]; [@ref27]; [@ref28]; Rodriguez de [@ref30]). OEA also promotes the release of glucagon-like peptide-1 with potent insulinotropic effect from the intestinal cells through GPR119 ([@ref23]), suggesting that OEA and GPR119 may have potential therapeutic implications in diabetes therapy. OEA, together with other fatty acid ethanolamides, has also been reported to induce cell death in high-grade astrocytoma brain tumors ([@ref33]). Another recent study demonstrated that OEA influences intestinal homeostasis by altering gut microbiota composition ([@ref5]). However, the impact of OEA on bone metabolism remains unknown. Furthermore, the relevance of OEA as a physiological ligand of GPR119 to osteoclast development is unclear. Therefore, we explored the effects of OEA on osteoclast differentiation, function, and survival. We also assessed the role of GPR119 in the osteoclast response to OEA by employing GPR119-specific small hairpin RNAs.

MATERIALS AND METHODS
=====================

Reagents
--------

OEA was obtained from Tocris Bioscience (USA). Recombinant human M-CSF and mouse RANKL were purchased from R&D Systems (USA). Antibodies against Bim and NFATc1 were purchased from BD Biosciences (USA). Antibodies against phosphorylated-ERK, ERK, and caspase 3 were obtained from Cell Signaling Technology (USA). Lentiviral constructs bearing control and GPR119 shRNA were purchased from Sigma-Aldrich (USA).

Osteoclast culture
------------------

Murine osteoclasts were prepared from bone marrow macrophages (BMMs) as previously described ([@ref15]). Briefly, bone marrow was extracted from the femur and tibia of 8- to 9-week-old mice. The cells were incubated with erythrocyte lysis buffer for 5 min and cultured for 3 days in α-MEM with 10% FBS and 10% CMG 14-12 cell culture medium ([@ref35]) containing M-CSF in petri-dishes. The adherent cells were harvested as osteoclast precursors (BMMs). Osteoclasts were generated by culturing BMMs in α-MEM containing 10% FBS, M-CSF (30 ng/ml), and RANKL (30 ng/ml) for 4 to 5 days. Osteoclasts were fixed and subjected to tartrate-resistant acid phosphatase (TRAP) staining.

Reverse transcription polymerase chain reaction (RT-PCR)
--------------------------------------------------------

RNA was isolated from cells using TRIzol reagent (Invitrogen, USA). cDNA was synthesized from total RNA (1 μg) using a PrimeScript 1st strand cDNA Synthesis Kit (Takara, Japan). RT-PCR was conducted with the following primer sets: GPR119, 5'-CCTCACCGTCATGCTGATTG-3' and 5'-GACCAG- GACAGAGTGAAGCT-3'; and GAPDH, 5'-ACTTTGTCAAGCT-CATTTCC-3' and 5'-TGCAGCGAACTTTATTGATG-3'.

Quantitative real-time PCR
--------------------------

Real-time PCR analysis was carried out as described ([@ref15]; [@ref20]). The sequences of primers were as follows: GPR119, 5'-GCTGATTGCCTTTGACAGATACC-3' and 5'-AAGCCCATTCATGATCTGGAA-3'; TRAP, 5'-TCCCCAATGCCCCATTC-3' and 5'-CGGTTCTGGCGATCTCTTTG-3'; c-Fos, 5'-AGGCCCAGTGGCTCAGAGA-3' and 5'-GCTCCCAGTCTGCTGCATAGA-3'; NFATc1, 5'-ACCACCTTTCCGCAACCA-3' and 5'-TTCCGTTTCCCGTTGCA-3'; Atp6v0d2, 5'-GAGCTGTACTTCAATGTGGACCAT-3' and 5'-CTGGCTTTGCATCCTCGAA-3'; and DC-STAMP, 5'-CTTCCGTGGGCCAGAAGTT-3' and 5'-AGGCCAGTGCTGACTAGGATGA-3'.

Immunoblot analyses
-------------------

Cultured cells were harvested after washing with cold phosphate-buffered saline (PBS). The cells were then lysed in RIPA buffer (Sigma-Aldrich) containing Halt protease and phosphatase inhibitor cocktail (Thermo Scientific, USA). Protein concentration was determined using a bicinchoninic acid (BCA) protein assay kit (Pierce Biotechnology, USA). Equivalent protein quantities were resolved by 10% or 12% SDS-PAGE and transferred onto PVDF membranes. After blocking in 5% nonfat milk/Tris-buffered saline with 0.1% Tween 20, membranes were subjected to immunoblot analysis. Immunoreactivity was quantified using an ECL-Plus detection kit (Amersham Pharmacia Biotech, USA).

Lentivirus production and infection
-----------------------------------

Control or GPR119 lentiviral shRNA vector was co-transfected with virus packaging plasmids (ΔH8.2 and VSVG) into HEK293-T cells using the FuGENE HD transfection reagent (Promega, USA). After a 24 to 48 h transfection, virus supernatants were harvested. BMMs were infected with the virus supernatant in the presence of protamine sulfate (10 μg/ml) for 24 h. Infected cells were selected in α-MEM containing puromycin (4 μg/ml) for 2 to 3 days.

Proliferation assay
-------------------

BMMs were seeded in 96-well plates and incubated for 3 days with M-CSF in the absence or presence of RANKL with OEA at the indicated concentrations. The cells were then incubated with 0.1% BrdU for 4 h. BrdU incorporation was measured by the Cell Proliferation ELISA kit (GE Healthcare, UK).

Apoptosis assay
---------------

Mature osteoclasts were generated and then incubated for 24 h with or without OEA. The apoptosis assay was performed using a Cell Death Detection ELISA Plus kit (Roche, Germany) according to the manufacturer's instructions.

Actin ring formation and bone resorption assay
----------------------------------------------

BMMs were seeded on glass slides or bone slices and then cultured with RANKL (30 ng/ml) and M-CSF (30 ng/ml) for 3 days. After 3 days in culture, cells were incubated for an additional 1 to 2 days with or without OEA (50 μM) in osteoclastogenic medium. Cultured cells were fixed with paraformaldehyde, followed by permeabilization in 0.1% Triton X-100/PBS and blocking in 0.2% BSA/PBS. F-actin and nuclei were stained with Alexa Fluor 488 phalloidin (Invitrogen) and Hoechst 33258 (Sigma-Aldrich), respectively. To quantify resorption pits, osteoclasts were removed from bone slices. The bone slices were incubated with horseradish peroxidase-wheat germ agglutinin (WGA) (Sigma-Aldrich) and then stained with 3,3'-diaminobenzidine (Sigma-Aldrich). The area of resorption lacunae was measured by a Java-based image analysis program (ImageJ; National Institutes of Health, USA).

Rac activity assay
------------------

Rac activity was determined using an Active Rac1 Pull-Down and Detection Kit (Thermo Scientific). Briefly, cytokine-starved pre-osteoclasts were incubated for 16 h with or without OEA (50 μM). The cells were then exposed to M-CSF (100 ng/ml), RANKL (100 ng/ml), or M-CSF (50 ng/ml) plus RANKL (50 ng/ ml) for 20 min. After measuring the protein concentration, cell lysates (1 mg) were subjected to the GST-human-Pak1-PBD pull-down assay. The samples were loaded on a 12% SDS-PAGE and immunoblotted using anti-Rac antibody.

Statistical analyses

Statistical significance was calculated by Student's *t*-test using Microsoft Excel 2016 (Microsoft, USA). *P* \< 0.05 is considered to be statistically significant. All data are represented as mean ± SD.

RESULTS
=======

OEA affects osteoclast spreading but not differentiation
--------------------------------------------------------

To assess the impact of OEA on osteoclasts, we cultured osteoclast precursors (BMMs) with various OEA concentrations or an equivalent volume of DMSO used as the vehicle for OEA in the presence of RANKL (30 ng/ml) and M-CSF (30 ng/ml). Although BMMs exposed to DMSO generate characteristic well-spread osteoclasts, OEA-treated cells are unable to spread, resulting in the formation of small, TRAP-expressing, multinuclear osteoclasts ([Fig. 1A](#F1){ref-type="fig"}). OEA reduces the number of well-spread osteoclasts in a dose-dependent manner and inhibits cell spreading by 95% at 50 μM ([Fig. 1B](#F1){ref-type="fig"}). The small size of OEA-treated cells may indicate that the fusion of TRAP-expressing mononuclear precursors is impaired. To determine if this is the case, we counted the number of nuclei per osteoclast and observed that there is no distinguishable difference between control and OEA-treated cells ([Fig. 1C](#F1){ref-type="fig"}), indicating that OEA does not affect osteoclast fusion. Furthermore, mRNA expression levels of Atp6v0d2, DC-STAMP, and OC-STAMP, which play a critical role in the osteoclast fusion process, remain unchanged in OEA-treated cells ([Fig. 1E](#F1){ref-type="fig"}). We also observed that OEA does not affect BMM viability at any concentration tested ([Fig. 1D](#F1){ref-type="fig"}).

We then investigated OEA influence on RANKL-induced osteoclast differentiation by assessing OEA impact on the expression of osteoclast-specific genes. BMMs were incubated with OEA in osteoclastogenic medium for 3 days. OEA does not affect mRNA expression levels of osteoclastogenesis markers such as c-Fos, NFATc1, and TRAP ([Fig. 1E](#F1){ref-type="fig"}). Consistent with this finding, the protein level of NFATc1, a master regulator of osteoclast differentiation, is comparable between control and OEA-treated cells ([Fig. 1F](#F1){ref-type="fig"}).

OEA blocks cell spreading at the later stage of osteoclast development
----------------------------------------------------------------------

The development of osteoclasts is a multistage process com- prising proliferation, differentiation, fusion, and maturation, yielding osteoclasts with a well-spread morphology, which is critical for bone degradation. To determine the stage at which OEA inhibits osteoclast spreading, we added OEA to BMMs in osteoclastogenic medium for different culture periods ([Fig. 2A](#F2){ref-type="fig"}). Although adding OEA to BMMs for the first day (F1) or first 2 days (F2) does not affect osteoclast spreading, OEA exposure during the last 2 days (L2) or the last day (L1) of osteoclastogenic culture is sufficient to inhibit cell spreading ([Figs. 2B](#F2){ref-type="fig"} and [2C](#F2){ref-type="fig"}). These data reveal that OEA effectively blocks osteoclast spreading at the later stage of osteoclast development.

OEA inhibits osteoclast cytoskeletal organization
-------------------------------------------------

The OEA-mediated morphological changes in osteoclasts suggest that OEA may influence the organization of actin cytoskeleton. To determine if this is true, we investigated the effect of OEA on the generation of the actin ring, a unique cytoskeletal feature essential for the resorptive activity of mature polykaryons. BMMs were cultured on glass slides in osteoclastogenic medium for 3 days and incubated with OEA or vehicle (DMSO) for an additional day. The actin cytoskele- ton was then immunostained with FITC-conjugated phalloi- din. Although vehicle-exposed cells reveal typical actin rings, OEA-exposed cells fail to form actin rings from actin clusters ([Figs. 3A](#F3){ref-type="fig"} and [3C](#F3){ref-type="fig"}). To further confirm these observations, we seeded BMMs on bone slices in osteoclast induction medi- um for 3 days, followed by incubation with OEA, and then stained for actin cytoskeleton ([Fig. 3B](#F3){ref-type="fig"}). The percentage of mature polykaryons having actin rings is significantly attenu- ated in the presence of OEA ([Fig. 3D](#F3){ref-type="fig"}).

To explore whether OEA-mediated cytoskeletal alterations in osteoclasts affect bone resorption, we performed bone resorption assays and analyzed the extent of resorption pit formation using WGA staining ([Fig. 3E](#F3){ref-type="fig"}). Consistent with its inhibitory effect on cytoskeletal organization, OEA suppresses resorption pit formation ([Figs. 3E](#F3){ref-type="fig"} and [3F](#F3){ref-type="fig"}).

Osteoclast cytoskeletal organization is controlled by small GTPases whose activity is in turn regulated by M-CSF or RANKL. Given that OEA inhibits osteoclast cytoskeleton, we measured Rac activation using a Rac-GST pull-down assay. As shown in [Fig. 3G](#F3){ref-type="fig"}, OEA strongly decreases Rac activity stimulated by M-CSF plus RANKL. We then measured Rac ac- tivity in vehicle- and OEA-treated pre-osteoclasts stimulated with either RANKL or M-CSF. Although OEA does not alter RANKL-stimulated Rac activity ([Fig. 3H](#F3){ref-type="fig"}), it specifically blocks M-CSF-induced Rac activation ([Fig. 3I](#F3){ref-type="fig"}).

GPR119 knockdown reverses OEA-mediated disruption of the osteoclast cytoskeleton
--------------------------------------------------------------------------------

To determine if the effect of OEA on the osteoclast cytoskeleton is GPR119-dependent, we transduced BMMs with control or GPR119 shRNA. The mRNA expression level of GPR119 is notably reduced in GPR119 shRNA-infected cells ([Fig. 4A](#F4){ref-type="fig"}). We then explored the effect of GPR119 knockdown on OEA-mediated inhibition of osteoclast spreading. Although OEA treatment in control shRNA-transduced cells still arrests osteoclast spreading, GPR119 knockdown significantly abrogates the OEA-mediated disruption of the osteoclast cytoskeleton ([Figs. 4B](#F4){ref-type="fig"} and [4C](#F4){ref-type="fig"}). These data indicate that the OEA-induced cytoskeletal dysfunction is exerted through GPR119.

OEA promotes osteoclast apoptosis independent of GPR119
-------------------------------------------------------

Osteoclast precursor cell proliferation and apoptosis of mature osteoclasts are important events in the regulation of osteoclast formation and resorptive function. To define the effect of OEA on precursor cell proliferation, we incubated BMMs with increasing concentrations of OEA in the presence of M-CSF and measured BrdU incorporation. OEA at 25 or 50 μM modestly increases M-CSF-induced BMM proliferation ([Fig. 5A](#F5){ref-type="fig"}). When BMMs were incubated in culture medium containing M-CSF and RANKL for 3 days, the pro-proliferative effect of OEA is abolished ([Fig. 5B](#F5){ref-type="fig"}).

We then assessed the impact of OEA on apoptosis in mature osteoclasts. Fully differentiated polykaryons were incubated in the absence or presence of OEA (50 and 100 μM) for 24 h and then subjected to TRAP staining ([Fig. 5C](#F5){ref-type="fig"}). OEA sharply decreases the survival percentage of TRAP-expressing osteoclasts at both concentrations ([Fig. 5D](#F5){ref-type="fig"}). To determine if the OEA-mediated decrease in osteoclast survival is due to accelerated apoptosis, we detected cell death using an ELISA assay. As shown in [Fig. 5E](#F5){ref-type="fig"}, OEA significantly increases osteoclast apoptosis. Consistent with this observation, OEA accelerates caspase 3 activity and enhances the quantity of the B-cell lymphoma 2 (Bcl-2) family protein Bim, which is known to modulate osteoclast apoptosis ([Fig. 5F](#F5){ref-type="fig"}). Given that M-CSF-stimulated ERK activity enhances cell survival via downregulation of Bim protein content, we assessed the effect of OEA on ERK signaling in response to M-CSF. OEA markedly inhibits M-CSF-induced ERK phosphorylation ([Fig. 5G](#F5){ref-type="fig"}). We then determined whether OEA induces osteoclast apoptosis through GPR119. OEA accelerates apoptotic cell death in both control and GPR119 shRNA-transduced osteoclasts ([Figs. 5H](#F5){ref-type="fig"} and [5I](#F5){ref-type="fig"}). These data imply that the pro-apoptotic function of OEA is independent of GPR119.

DISCUSSION
==========

Fatty acids and their derivatives function as important regulators in a variety of metabolic processes. In the context of skeletal metabolism, several members of the FAA family, such as OEA, oleoyl serine, arachidonoyl ethanolamide (anandamide), and stearoyl ethanolamide, are reported to be present in trabecular bone, and some FAAs have been implicated in the modulation of skeletal remodeling and homeostasis ([@ref32]). Furthermore, previous studies revealed that the receptors for these FAA are detected in bone tissues. For instance, cannabinoid receptors and the anandamide receptor transient receptor potential vanilloid 1 (TRPV1) have been found in osteoblasts and osteoclasts ([@ref10]; [@ref9]; [@ref26]; [@ref31]; [@ref36]). GPR55 expression, known to be targeted by endogenous cannabinoids, has also been demonstrated in murine and human osteoblasts and osteoclasts ([@ref40]). GPR119, which was previously deorphanized when it was confirmed to be an OEA receptor, is expressed in osteoclast lineage cells ([@ref18]). In the current study, we explored the impact of OEA (an endogenous GPR119 ligand) on osteoclast development and observed that it regulates osteoclast cytoskeletal organization through GPR119. Therefore, our study provides an additional layer of evidence that FAA influences bone-resorbing cells through GPR119.

The number of osteoclasts in bone depends on the rates of proliferation, fusion, or differentiation of osteoclast precursor cells. We observed that OEA does not significantly impact precursor proliferation, as assessed using the BrdU and MTS assays. OEA treatment also does not affect cell-to-cell fusion, as determined by the unaltered numbers of nuclei and the similar expression levels of fusion markers, including Atp6v0d2, DC-STAMP, and OC-STAMP. In addition, RANKL-induced osteoclast differentiation was not affected by the presence of OEA.

Having established that OEA does not alter osteoclast differentiation or fusion, we then investigated its impact on osteoclast morphology. Indeed, we found that OEA-exposed osteoclasts exhibit a profound effect on cell spreading, yielding small, TRAP-expressing, multinuclear cells. The morphology of OEA-treated osteoclasts is similar to that of osteoclasts in which cytoskeleton regulating molecules have been deleted ([@ref4]; [@ref24]; [@ref29]; [@ref43]; 2010). For instance, mice lacking β3 integrin display an osteopetrotic phenotype owing to impaired osteoclast spreading and sealing zone formation, resulting in a lack of bone resorption ([@ref24]). Moreover, these findings are in agreement with our previous observations that impaired spreading in osteoclasts mirrors osteoclast cytoskeleton disorganization ([@ref8]; [@ref19]; [@ref16]; [@ref17]). Further examination of the suppressive role of OEA in osteoclast cytoskeletal function showed that OEA blocks the formation of actin rings and consequently inhibits resorption pit formation. Moreover, a previous study demonstrated that in the human colon carcinoma cell line Caco-2, OEA treatment caused F-actin to have an irregular morphology ([@ref14]), confirming that OEA induces cytoskeletal changes. Collectively, our findings reveal that OEA suppresses bone resorption by disrupting the osteoclast cytoskeleton.

The small GTPase Rac is known to regulate cytoskeletal organization in osteoclasts. Among Rac isoforms, Rac1 and Rac2 are expressed in osteoclasts. The key role of Rac in bone resorption by osteoclasts is demonstrated by in vivo studies using Rac-deficient mice. Combined deletion of Rac1 and Rac2 in bone-resorbing cells attenuates cytoskeletal organization and resorptive efficiency, yielding a severe osteopetrotic phenotype ([@ref4]). Rac is activated by either M-CSF or RANKL. In this study, we observed that OEA inhibits Rac activity induced by M-CSF, but not RANKL. These findings demonstrate that OEA inhibits cytoskeletal organization in a cytokine-specific fashion. The detailed molecular mechanism by which the OEA-GPR119 axis regulates osteoclast cytoskeleton requires further investigation.

The magnitude of osteoclastic resorption is also governed by the rate of survival of mature osteoclasts as well as their precursors. Apoptosis of mature osteoclasts is associated with increased expression of Bim, a pro-apoptotic Bcl-2 protein ([@ref1]). M-CSF is a pro-survival cytokine, and M-CSF-induced ERK activation accelerates ubiquitination-dependent Bim degradation, thereby promoting osteoclast survival. Hence, osteoclasts that are differentiated from BMMs of Bim-deficient mice show increased cell survival in the absence of M-CSF ([@ref1]). We also found that OEA promotes osteoclast apoptosis by increasing the level of Bim protein. Furthermore, M-CSF-induced ERK activation was completely abrogated in the presence of OEA. Conversely, BMM viability was unaffected by OEA treatment, as determined by the MTS assay, suggesting that OEA may not be involved in the modulation of osteoclast precursor survival.

This study also shows that OEA is a non-specific GPR119 agonist in terms of osteoclast apoptosis. The pro-apoptotic effect of OEA was not restored by GPR119 knockdown, indicating that OEA-induced acceleration of osteoclast apoptosis is GPR119-independent. Likewise, a previous study reported that cell death in astrocytoma brain tumors was induced by OEA via TRPV1 ([@ref33]), but not GPR119. Because OEA also functions as a TRPV1 agonist, we speculate that OEA might promote osteoclast apoptosis through TRPV1.

In conclusion, our study demonstrates that a bioactive lipid, OEA, suppresses osteoclast cytoskeletal organization through GPR119. Mechanistically, OEA inhibits M-CSF-stimulated Rac activity, which is important for osteoclast cytoskeletal organization and bone resorption. OEA also induces apoptosis in mature osteoclasts independent of GPR119 by suppressing M-CSF-mediated ERK activation and increasing Bim expression ([Fig. 6](#F6){ref-type="fig"}). Therefore, we propose that OEA is a candidate target for the development of therapeutic strategies in skeletal diseases that involve excessive osteoclast activity.
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![OEA inhibits osteoclast spreading but not differentiation.\
(A-C) BMMs were cultured with M-CSF (30 ng/ml) and RANKL (30 ng/ml) for 4 days in the presence of the indicated concentrations of OEA. (A) The cells were fixed and subjected to TRAP staining and observed at 100× (upper panel) and 200× (lower panel) magnifications. (B) Quantification of spread osteoclasts (OCs) per well in Fig. 1A. The data are expressed as the mean ± SD. \**P* \< 0.05, \*\**P* \< 0.001 vs the vehicle-treated control (DMSO) cells. (C) The number of nuclei per OC in Fig. 1A was counted. (D) BMMs were cultured at the indicated OEA concentrations in the presence of M-CSF (30 ng/ml). After 3 days, cell viability was determined using the MTS assay. (E and F) BMMs were cultured with OEA (50 μM) or vehicle in osteoclastogenic medium. Real-time PCR (E) or immunoblotting (F) was conducted to detect the expression of osteoclastogenic markers on the indicated days.](MolCe-43-340-f1){#F1}

![OEA inhibits cell spreading at the later stage of osteoclast development.\
BMMs were cultured for 4 days in M-CSF and RANKL. The cells were treated with OEA (50 μM) for the first day (F1), first 2 days (F2), last 2 days (L2), and last day (L1), or the entire 4 days (4d). Control cells (DMSO) were maintained in the absence of OEA for 4 days. (A) Duration of exposure to OEA in days. (B) Osteoclastogenic cultures stained for TRAP activity (magnification, 200×). (C) Statistical analyses of spread osteoclasts (OCs)/well. \*\**P* \< 0.001 vs the vehicle-treated control (DMSO) cells.](MolCe-43-340-f2){#F2}

![OEA impairs cytoskeletal organization and bone resorption in osteoclasts.\
(A and B) BMMs were cultured on glass slides (A) or bone slices (B) for 3 days to commit them to a pre-osteoclast phenotype. The cells were then treated with or without OEA (50 μM) for 1 to 2 days in osteoclastogenic medium. Nuclei and F-actin were stained with Hoechst stain (magnification, 200×; blue) and FITC-conjugated phalloidin (magnification, 200×; green), respectively. (C and D) Quantification of percentage of osteoclasts containing actin rings (white bars) or clusters (black bars) on glass slides (C) or bone slices (D). \**P* \< 0.05, \*\**P* \< 0.001. (E and F) BMMs were cultured on bone slices for 3 days with M-CSF and RANKL. The cells were then treated with OEA (50 μM) or vehicle for 2 days in osteoclastogenic medium. (E) Bone slices were stained with peroxidase-conjugated wheat-germ agglutinin (magni- fication, 100×) after removal of cells. (F) The resorption pit area was measured with an image analysis software. \*\**P* \< 0.001. (G-I) OEA inhibits M-CSF-induced Rac activation. Cytokine-starved pre-osteoclasts were exposed to OEA (50 μM) or vehicle for 16h. The cells were then stimulated with RANKL (50 ng/ml) plus M-CSF (50 ng/ml) (G), RANKL (100 ng/ml) (H), or M-CSF (100 ng/ ml) (I). GTP-Rac was isolated by GST pull-down and immunoblotted with Rac-specific antibody. The fold difference of GTP-Rac levels normalized to total Rac is represented in the bar graphs.](MolCe-43-340-f3){#F3}

![GPR119 knockdown restores OEA-mediated disruption of osteoclast cytoskeleton.\
BMMs were transduced with scrambled control (Con-sh) or GPR119-shRNA (GPR119-sh). (A) The expression of GPR119 was analyzed using RT-PCR (upper panel) or real-time PCR (lower panel). \**P* \< 0.05. (B and C) BMMs transduced with control or GPR119-shRNA were cultured with M-CSF and RANKL for 3 days. The cells were then maintained with or without OEA (50 μM) for 2 days in osteoclastogenic medium. (B) The cells were subjected to TRAP staining. Magnification, 100× (upper panel) and 200× (lower panel). (C) The number of spread osteoclasts (OCs) was counted. \*\**P* \<](MolCe-43-340-f4){#F4}

![OEA accelerates apoptosis in mature osteoclasts independent of GPR119.\
BMMs were cultured with M-CSF (30 ng/ml) in the absence (A) or presence (B) of RANKL (20 ng/ml) with the indicated concentrations of OEA. After 3 days, proliferation was determined using the BrdU incorporation assay. (C-F) Mature osteoclasts were incubated with vehicle (DMSO) or OEA for 24 h.(C) The cells were then stained for TRAP (magnification, 100×). Apoptotic osteoclasts are indicated with asterisks. (D) The surviv- al percentage for TRAP-positive multinucleated cells (MNCs) shown in Fig. 5C was calculated. \*\**P* \< 0.001 vs the vehicle-treated control cells. (E) The extent of apoptosis was measured using ELISA. \**P* \< 0.05. (F) Cell lysates were immunoblotted with antibod- ies specific for cleaved caspase (cas) 3 and Bim. β-Actin served as a loading control. (G) Cytokine-starved osteoclasts were treated with OEA (50 μM) or vehicle for 16 h and then exposed to M-CSF (50 ng/ml) for 5 min. Total cell lysates were immunoblotted with an antibody specific for phosphorylated-ERK. Total ERK served as a loading control. (H) BMMs transduced with control or GPR119-shRNA were differentiated into osteoclasts in M-CSF and RANKL. The mature osteoclasts were treated with or without OEA (50 μM) for 24 h and then stained for TRAP (magnification, 40×). (I) The survival percentage for TRAP-positive MNCs shown in Fig. 5H was calculated. \*\**P* \< 0.001. N.S., not significant.](MolCe-43-340-f5){#F5}

![Schematic model for OEA in osteoclast function and survival.\
OEA suppresses osteoclast cytoskeletal organization in a GPR119-dependent manner by inhibiting M-CSF-in- duced Rac activity (left arm). In addition, OEA accelerates osteoclast apoptosis independent of GPR119 by suppressing M-CSF-induced ERK activation and inducing Bim expression (right arm).](MolCe-43-340-f6){#F6}
